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We have studied extensively phenomenological implications in a specific model of brane inflation
driven by background supergravity [1], via thermal history of the universe and leptogenesis per-
taining to the particle physics phenomenology of the early universe. Using the one loop corrected
inflationary potential we have investigated for the analytical expression as well as the numerical
estimation for brane reheating temperature for standard model particles. This results in some novel
features of reheating from this type of inflation which have serious implications in the production
of heavy Majorana neutrinos needed for leptogenesis through the reheating temperature. We have
also derived the expressions for the gravitino abundance during reheating and radiation dominated
era. We have further estimated different parameters at the epoch of phase transition and revealed
their salient features. At the end we have explicitly given an estimate of the amount of CP violation
through the effective CP phase which is related to baryon asymmetry as well as gravitino dark
matter abundance.
I. INTRODUCTION
It is now well accepted that the post big bang universe
[2] passed through different phases having two-fold signif-
icance – phenomenological and cosmological. One of the
significant phases, namely, reheating [3] plays the pivotal
role in explaining production of different particles from
inflaton/ vacuum energy. As we look back in time reheat-
ing was completed within the first second (and probably
much earlier) after the big bang. At that time nucleosyn-
thesis [4], or the formation of light nuclei occurred. Parti-
cle physicists as well as cosmologists have a clear picture
of this hot big bang phase because ordinary matter and
radiation were driving it and also the physical processes
that characterize it involve terrestrial physics. On the
other hand the mysterious force that drives the inflation-
ary phase is conventionally described by a scalar field,
named inflaton which oscillates near the minimum of its
effective potential and produces elementary particles [5].
These particles interact with each other and eventually
they come to a state of thermal equilibrium at some ar-
bitrary temperature T. This process completes when all
the energy of the classical scalar field transfer to the ther-
mal energy of elementary particles. Since long theoretical
physicists have been investigating reheating as a pertur-
bative phase [6], or one in which single inflaton quanta
decayed individually into ordinary matter and radiation.
The recent theoretical studies have shown that in many
cases the decay occurs through a non-perturbative pro-
cess [7], in which the particles behave in an ordered man-
ner. Non-perturbative processes involved at reheating
are extremely more efficient than the perturbative ones
[8] and often more difficult to investigate in practice. In
short there is no existence of a complete theory which ex-
plains non-perturbative effects during reheating for the
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total time scale.
Besides production of gravitinos during perturbative
reheating [9–11] its decay plays a significant role in the
context of leptogenesis [12, 13]. More precisely two types
of gravitinos are produced in this epoch - stable [14] and
unstable [15]. Stable ones and decay products of unsta-
ble ones directly or indirectly stimulate the light element
abundances during big bang nucleosynthesis. Most im-
portantly the unstable one has important cosmological
consequences out of which the major one directly affects
the expansion rate of the universe [16]. In order to ex-
plain cosmological consequences at a time by a single
physical entity, it is customary to explain everything in
terms of gravitino energy density which is directly pro-
portional to the gravitino number density or gravitino
abundance. This gravitino abundance is obtained by
considering gravitino production in the radiation dom-
inated era following reheating [17]. Gravitinos are orig-
inated through thermal scattering [11, 18] in the early
universe and are usually related to the reheating temper-
ature (T reh). Particle physics phenomenology usually
requires that under instantaneous decay approximation
[19] reheating temperature (T reh) is maximum during re-
heating.
In the present article we have studied extensively re-
heating phenomenology and leptogenesis in a typical
brane inflation model which was proposed earlier by us
[1]. Precisely, the model includes one loop radiative cor-
rection in the framework of local brane version of the
supersymmetric theory i.e. N = 1, D = 4 SUGRA which
is derived from the background N = 2, D = 5 SUGRA
in the bulk (for details please refer to [1]). In the present
article, our prime objective is to investigate for both the
analytical and numerical expression for brane reheating
temperature in high energy limit for standard model par-
ticles followed by a detailed investigation for gravitino
phenomenology and leptogenesis. Here, and throughout
the rest of the article, by high energy limit implies that
the total energy density is very high with respect to the
brane tension as mentioned in our earlier paper [1]. As it
2will be revealed, the scenario is somewhat different in the
context of reheating from brane inflation which results in
novel features worth studying in details. This has seri-
ous implication for the production of the heavy Majorana
neutrinos needed for leptogenesis [13]. We further esti-
mate different parameters related to reheating and lep-
togenesis at the epoch of phase transition [20]. Last but
not the least we have given an estimate of CP violation
which is the indirect evidence of the baryon asymmetry
and connected with gravitino dark matter abundance.
II. REHEATING PHENOMENOLOGY ON THE
BRANE FOR SU(2)L
⊗
U(1)Y
A. Model Building from background supergravity
For systematic development of the formalism, let us
briefly review from our previous paper [1] how one can
construct the effective 4D inflationary potential of our
consideration starting from N = 2, D = 5 SUGRA in the
bulk which leads to an effective N = 1, D = 4 SUGRA in
the brane. Considering the fifth dimension is compact-
ified on the orbifold S1/Z2 of comoving radius R, the
N = 2, D = 5 bulk SUGRA is described by the following
action
S =
1
2
∫
d4x
∫ +πR
−πR
dy
√
g5
[
M35
(
R(5) − 2Λ5
)
+ L
(5)
SUGRA
+
∑2
i=1 δ(y − yi)L4i
]
.
(1)
Here the sum includes the walls at the orbifold points
yi = (0, πR) and 5-dimensional coordinates x
m = (xα, y),
where y parameterizes the extra dimension compactified
on the closed interval [−πR,+πR]. Written explicitly,
the contribution from bulk SUGRA in the action
e−1(5)L
(5)
SUGRA = −M
3
5R
(5)
2 +
i
2 Ψ¯im˜Γ
m˜n˜q˜∇n˜Ψiq˜ − SIJF Im˜n˜F Im˜n˜
− 12gαβ(Dm˜φµ)(Dm˜φν) + Fermionic
+ Chern− Simons,
(2)
and including the radion fields (χ, T, T †) the ef-
fective brane SUGRA counterpart turns out to be
δ(y)L4 = −e(5)∆(y)
[
(∂αφ)
†(∂αφ) + iχ¯σ¯αDαχ
]
. The
Chern-Simons terms can be gauged away assuming cubic
constraints and Z2 symmetry. Further, S
1/Z2 orbifold
setting allows us to express the 4-dimensional part of the
action (after dimensional reduction) as,
S =
M2PL
2
∫
d4x
√
g4
[
R(4) + (∂αφ
µ)†(∂αφµ)−QVF
− P ∫ +πR−πR dy 4(3e2βy+3λ2e−2βy−2λ)R2(eβy+λe−βy)5 ] .
(3)
where P =
2M35βb
6
0
M2
PL
R5
, Q = C(T,T
†)
4π2R2 and the 4D Planck
mass MPL =
e4
b0
=
√
6
λe(5) =
√
8πM =
M35√
λ
√
3
4π =
1.22×1019GeV . Here we have introduced the reduced 4D
Planck mass M = 2.43× 1018GeV , 5D and 4D charge e5
and e4, 5D Planck mass M5 and the brane tension λ and
two constants β and b0 comes from the metric structure.
Here C(T, T †) represents an arbitrary function of T and
T †. This leads to an effective N = 1, D = 4 SUGRA in
the brane with the F-term potential
V = VF = exp
(
K(φ,φ†)
M2
)[(
∂W
∂Ψα
+
(
∂K
∂Ψα
)
W
M2
)†
(
∂2K
∂Ψα∂Ψ†
β
)−1 (
∂W
∂Ψβ
+
(
∂K
∂Ψβ
)
W
M2
)− 3 |W |2M2
]
.
(4)
Here Ψα is the chiral superfield and φα be the 4D com-
plex scalar field. In this context the Ka¨hler poten-
tial is dominated by the leading order term i.e. K =∑
α φ
†
αφ
α. The superpotential in eqn(4) is given by
W =
∑∞
n=0DnWn(φ
α) with the constraint D0 = 1. Ex-
panding the slowly varying inflaton potential around the
value of the inflaton field along with Z2 symmetry the
required renormalizable one-loop corrected inflaton po-
tential turns out to be
V (φ) = ∆4
[
1 +
(
D4 +K4 ln
(
φ
M
))(
φ
M
)4]
, (5)
where K4 =
9∆4C24
2π2M4 and D4 = C4 − 25K412 where C4 is
negative constant appearing at the tree level. Here ∆
represents the energy scale of brane inflation which can
be expressed in terms of the slow roll parameter ηv ex-
plicitly derived in [1]. For our model ∆ ≃ 0.2× 1016GeV
for the window −0.70 < D4 < −0.60.
With this brief review of the construction of the po-
tential we are now in a position to investigate for its
phenomenological significances.
From the knowledge of particle physics it is known that
during the epoch of reheating inflatons decay into differ-
ent particle constituents [3, 21] are directly related to
the trilinear coupling of the inflaton field. There might
be a possibility of collision originated through quartic
coupling and driven by background scalar field. For ex-
ample here the contribution from the heavy Majorana
neutrino comes from the seesaw Lagrangian LMajo =
−hl¯LHψ − 12Mψ¯ψ + h.c., where lL and H are the lep-
ton and the Higgs doublets, respectively, and M is the
lepton-number-violating mass term of the right-handed
neutrino. Now using the assumption mφ ≫ mσ,mφ ≫
mψ the total inflaton decay width for the positively and
negatively charged φ(φ+, φ−) scalar fields as well as the
fermionic field ψ (Example: For the heavy Majorana neu-
trinos the decay process ψ → lLH, ψ → l¯LH predomi-
nates.) is given by Γtotal ≃ C216πmφ +
h2mψ
4π ∼ 1(2π)3
(
∆6
M5
)
where the coupling strength C ∼ mφ
(
∆2
M2
)
and h ∼(
∆2
M2
)
and the background scalar field is σ.
Now to construct the thermodynamical observable the
effective number of particles incorporating relativistic de-
grees of freedom is defined [22] as N∗ = N∗B +
7
8N
∗
F ,
3where N∗B =
∑
iN
∗
Bi andN
∗
F =
∑
j N
∗
Fj. Here N
∗
B repre-
sents the number of bosonic degrees of freedom with mass
mφ ≪ T and N∗F represents number of fermionic degrees
of freedom with mass mψ ≪ T . Here ‘i’ and ‘j’ stand for
different bosonic and fermionic species respectively. For
the phenomenological estimation [23] N∗ ∼ 102−104 and
for realistic models N∗ ∼ 102 − 103. For convenience let
us express reheating temperature on the brane as
Γtotal = 3H(T
br) =
√
3ρ(treh)
M2
[
1 +
ρ(treh)
2λ
]
, (6)
where H(T br) and ρ(treh) be the Hubble parameter and
energy density during reheating respectively. It is worth
mentioning that the brane reheating temperature does
not depend on the initial value of the inflaton field and
is solely determined by the elementary particle theory of
the early universe.
B. Phase transition in brane inflation
Phase transition in braneworld scenario is weakly first
order in nature [24]. So it is convenient to write the brane
reheating temperature in terms of the critical parameters.
To serve this purpose the critical density and the critical
temperature or transition temperature can be written as
:
ρ(tc) = 2λ =
3
16π2
M65
M2
, Tc =
√
3
π
√
5
πN∗
M35
MPL
(7)
which makes a bridge between the phenomenology and
observation. In the high energy limit 5D Planck mass
(M5) can be expressed in terms of our model parame-
ters as M5 =
6
√
6400π4∆2s(K4+4D4)
2
α4 φ⋆. Here ∆
2
s repre-
sents the amplitude of the scalar perturbation defined as
∆2s ≃ 512π75M6
PL
[
V 3
(V ′)2
[
1 + V2λ
]3]
⋆
. Most importantly here
the subscript ⋆ represents here the epoch of horizon cross-
ing (k = aH) and α represents a dimensionless model
parameter defined as α = ∆
4
λ .
The major thermodynamic quantities – critical density
(ρc), critical pressure (Pc), critical entropy (Sc) – and
the Hubble parameter at the critical temperature (Hc)
related to the phase transition designated by a four tuple
critical characteristic set U(cγ) by the following fashion
for our model:
U(cγ) : [{ρc, Pc, Sc, Hc}
≡
[
φ4⋆A(φ⋆)
{
1200, 400,
1600
Tc
,
20√
A(φ⋆)Mφ2⋆
}]
∀γ ∈ J
]
(8)
where we have defined a dimensionless characteristic
quantity A(φ⋆) =
π2(K4+4D4)
2∆2sφ
2
⋆
α4M2 at the horizon cross-
ing in this context. The above mentioned physical quan-
tities are function of the critical or transition temperature
which is defined as
Tc :=
[
Tcγ =
4
√{
Cγ
A(φ⋆)φ4⋆
π2N∗γ
}
with Cγ =
(
36000,
288000
7
, 19200
)
∀γ ∈ J
] (9)
with gauge group J := SU(2)L ⊗ U(1)Y and the species
index γ = 1(B ⇒ Boson), 2(F ⇒ Fermion), 3(M ⇒
Mixture).
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FIG. 1: Here we have plotted the variation of the critical den-
sity with respect to the effective inflaton field φ⋆ after horizon
crossing in the domain −0.70 < D4 < −0.60, which explic-
itly shows the direct connection between the phenomenologi-
cal and observational sector through the 5D Planck mass M5
given in eqn(7). In addition it confirms the existence of phase
transition in braneworld scenario in high energy limit. Here
we have used M = 2.43 × 1018GeV . Most importantly the
energy density is smoothly varying function of inflaton field
in the critical domain.
C. Brane reheating temperature
In this context the reheating temperature can be writ-
ten [25] as a one to one mapping (Ø) in parameter space
as
Ø :



T br :=
Tc
4
√
2
4
√√√√√


√
1 +
5
π3N∗
(
ΓtotalMPL
T 2c
)2
− 1


⇒ T brh = 4
√√√√{√ 10
N∗
2
√
2MΓtotalT 2c
3π
}
 ∈ C¸


(10)
where C¸ represents collection of all gauge group which
supports particle theory. But in this context we are con-
fining ourselves into the Standard Model regime. So to
construct a fruitful model of reheating in the context of
Standard Model gauge group, we rewrite all general prin-
cipal components in terms of physical degrees of freedom
4in a compact fashion. We consider a one to one high
energy mapping Q[γ] in a physical space such that
Q[γ] :



T brγ = Tcγ4√2 4
√√√√√


√
1 +
Zγ
π3N∗γ
(
ΓtotalMPL
T 2cγ
)2
− 1


=⇒ T brhγ = 4
√{
Wγ(K4 + 4D4)∆sφ3⋆Γtotal
πN∗γα2
}]
∀γ ∈ J
}
(11)
it maps the actual brane reheating temperature (T brγ ) to
its high energy value (T brhγ ) in the Standard Model gauge
group J := SU(2)L ⊗ U(1)Y with Zγ =
(
5, 407 ,
8
3
)
,Wγ =(
600, 48007 , 320
)
and γ = 1(B), 2(F ), 3(M). Here⋃
γ U [cγ]
⊕
Q[γ] ⊆ Ø for which J ∈ C¸. Most impor-
tantly the superscript ‘br’ and ‘brh’ stands for parame-
ters before and after high energy mapping respectively.
Here it should be mentioned that the brane reheating
temperature incorporates all the effects of heavy Majo-
rana neutrinos as well as the other fermions and bosons
through the total decay width Γtotal.
The reheating temperature for different species can
readily be calculated from our model. For a typical
value of C4 ≃ D4 = −0.7 (consistent with [1]), we
have: for boson T brhB ≃ 7.6 × 1010GeV , for fermion
T brhF ≃ 7.8× 1010GeV and for mixture of species T brhM ≃
6.5 × 1010GeV . This is significantly different from GR
value T reh ≤ 106 − 107GeV and is a characteristic fea-
ture of brane inflation.
III. GRAVITINO PHENOMENOLOGY ON THE
BRANE FOR SU(3)C
⊗
SU(2)L
⊗
U(1)Y
Let us now move on to studying how the self interact-
ing term of our model is directly related to the leptogen-
esis through the production of thermal gravitinos which
is a special ingredient for the heavy Majorana neutrinos
in the leptogenesis. Let us start with a physical situa-
tion where the inflaton field starts oscillating when the
inflationary epoch ends at a cosmic time t = tosc ≃ tf .
Throughout the analysis we have assumed that the uni-
verse is reheated through the perturbative decay of the
inflaton field for which the reheating phenomenology in
brane is described by the Boltzmann equation [22]
ρ˙r + 4Hρr = Γφρφ, (12)
where in braneworld
H2 =
8π
3M2PL
(ρr + ρφ)
[
1 +
(ρr + ρφ)
2λ
]
= H2osc
(aosc
a
)4 [
1 +
α
2
(aosc
a
)4]
.
(13)
Here ρr and ρφ represent the energy density of radiation
and inflaton respectively and Γφ is the rate of dissipation
of the inflaton field energy density. At t = tosc epoch the
Hubble parameter is designated by [22]
Hosc =
√
8π
3
∆2
MPL
=
∆2√
3M
. (14)
Assuming Γφ ≫ H from we get
ρφ = ∆
4
(aosc
a
)4
exp [−Γφ(t− tosc)] . (15)
It is worthwhile to mention here that the inflaton
field φ follows an equation of state similar to radia-
tion rather than matter i.e. ωφ =
Pφ
ρφ
, where Pφ =
ρφ − ∆4
[
1 +
(
D4 +K4 ln
(
φ
M
))(
φ
M
)4]
. Now solving
Friedmann equation the dynamical character of the scale
factor can be expressed as
a(t) = aosc
4
√√√√[[√1 + α
2
+ 2Hosc(t− tosc)
]2
− α
2
]
,
(16)
where we use a specific notation a(tosc) = aosc.
Plugging eqn(16) and eqn(15) in eqn(12) we get
ρ˙r +
2Hosc[[√
1 + α2 + 2Hosc(t− tosc)
]2 − α2 ]ρr
=
Γφ∆
4 exp [−Γφ(t− tosc)][[√
1 + α2 + 2Hosc(t− tosc)
]2 − α2 ] ,
(17)
As a whole phenomenological construction of gravitino
abundance is governed by the above equation. But
eqn(17) is not exactly analytically solvable. So we are
confining our attention to the high energy limit where
the Friedmann equation (13) can be approximated as
H2 =
8π
6λM2PL
(ρr + ρφ)
2 =
α
2
H2osc
(aosc
a
)8
, (18)
whose solution is given by
a(t) = aosc
4
√[
1 + 2
√
2αHosc(t− tosc)
]
. (19)
Now using an physically viable assumption t ≤ Γ−1φ
the exact solution of the eqn(17) in the high energy limit
can be written as
ρr ≃ 3M
2H2oscΓφ(t− tosc)[
1 + 2
√
2αHosc(t− tosc)
]
=
3M2HoscΓφ
2
√
2α
(aosc
a
)4 [( a
aosc
)4
− 1
]
. (20)
Our intention is to find out the extremum temperature
during reheating epoch which is one of the prime compo-
nents for the determination of gravitino abundance. In
5the braneworld scenario this extremum temperature is
given by
T bhex =
4
√√√√[13√3∆2MΓφ
N∗π2
√
1
2α
]
= 4
√{
45ΓφM35
8N∗π3
}
(21)
and it is less than the reheating temperature in brane
(T brh). This phenomenon is different from standard GR
results [10] where we see that the reheating temperature
shoots up to a maximum value and it gives the upper
bound of the reheating temperature. But in the present
context of brane inflation this situation is completely dif-
ferent i.e. at first temperature falls down to a minimum
which fixes the lower bound of the reheating tempera-
ture and rises to a maximum at the end of reheating
epoch. Using eqn(17), eqn(21) and the thermodynamic
background of energy density of radiation we can express
the scale factor in terms of temperature as
a(T ) =


aosc
4
√[
1−32
(
T
Tbhex
)4] if t = tosc ≃ tf
aosc
4
√[
32
(
T
Tbhex
)4
−1
] if tosc(≃ tf ) < t ≤ treh.
(22)
It is worth mentioning that if we break the time scale
into two parts tosc < t < tex and tex < t < treh, as
done in GR the scale factor and hence the remaining
results have same expressions in these two different zones.
This is in sharp contrast with standard GR results except
at t = tf , where they have different values in the two
different regimes.
Let us now use this phenomenological background to
derive the expression of the gravitino production during
two thermal epochs - reheating and radiation dominated
era. It is well known that gravitinos are produced by
the scattering of the inflaton decay products [26]. The
master equation of gravitino phenomenology as obtained
from ‘Boltzmann equation.’ is given by [18, 27]
dnG˜
dt
+ 3HnG˜ = 〈Σtotal|v|〉n2 −
m 3
2
nG˜
〈E 3
2
〉τ 3
2
, (23)
where n = ζ(3)T
3
π2 is the number density of scatter-
ers(bosons in thermal bath) with ζ(3)=1.20206.... Here
Σtotal is the total scattering cross section for thermal
gravitino production, v is the relative velocity of the in-
coming particles with 〈v〉 = 1 where 〈...〉 represents the
thermal average. The factor
m 3
2
〈E 3
2
〉 represents the aver-
aged Lorentz factor which comes from the decay of grav-
itinos can be neglected due to weak interaction. For the
gauge group E := SU(3)C
⊗
SU(2)L
⊗
U(1)Y the ther-
mal gravitino production rate is given by,
〈Σtotal|v|〉 = α˜
M2
=
3π
16ζ(3)M2
3∑
i=1
[
1 +
M2i
3m2
G˜
]
Cig
2
i ln
(
Ki
gi
)
,
(24)
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FIG. 2: In the above figure we have plotted the variation of
the Hubble parameter with respect to dimensionless param-
eter T
Tbhex
in the domain −0.70 < D4 < −0.60, which shows
the smooth behavior of Hubble parameter except x ≤ 0 i.e.
at T
Tbhex
≤
1
4√
32
. Most importantly here the equality corre-
sponds to the end of reheating epoch and the beginning of
radiation dominated era which is the direct outcome of the
first expression at t ≃ tf for the scale factor (a(T )) stated in
eqn(22). The rest of the the part follows the second expres-
sion given in eqn(22) in the interval tf < t < treh plotted in
the above figure. Additionally the vertical scale corresponds
to M = 2.43 × 1018GeV .
where i = 1, 2, 3 stands for the three gauge groups
U(1)Y ,SU(2)L and SU(3)C respectively. Here Mi repre-
sent gaugino mass parameters and gi(T ) represents gaug-
ino coupling constant at finite temperature (from MSSM
RGE)
gi(T ) ≃ 1√
1
g2i (MZ)
− bi8π2 ln
(
T
MZ
) (25)
with b1 = 11, b2 = 1, b3 = −3. Here Ci and Ki represents
the constant associated with the gauge groups with C1 =
11, C2 = 27, C3 = 72 and K1 = 1.266,K2 = 1.312,K3 =
1.271.
For convenience let us recast eqn(23) as
T˙
dnG˜
dT
+ 3HnG˜ = 〈Σtotal|v|〉n2, (26)
where a boundary condition T = T bhex ,T˙ = 0 is intro-
duced. In terms of a dimensionless variable
x = 32
(
T
T bhex
)4
− 1 (27)
eqn(26) can be expressed as
dnG˜
dx
+
d1
x
nG˜ = −
d3(x + 1)
3
2
x2
(28)
6where d1 = − 34 , d3 =
(T bhex )
6
32
α˜
M2
(
ζ(3)
π2
)2 √
λ
4
√
3H2oscM
. The
exact solution of the eqn(28) is given by
nG˜(x) =
2d3
xd1
√
x+ 1
(−2 2F1 [12 ; 1− d1; 32 ;x+ 1]
+2F1
[
1
2 ; 2− d1; 32 ;x+ 1
]
+2 F1
[
1
2 ;−d1; 32 ;x+ 1
])
,
(29)
Using the properties of Gaussian hypergeometric func-
tion for x >> 1 eqn(29) reduces to the following simpler
form:
nG˜(x) ≃ 2d3x
1
4
√
1 + x
Γ( 32 )Γ(
1
2 )
Γ(1)
{
1
Γ( 34 )
+ 1
Γ(− 54 )
− 2
Γ(− 14 )
}
(30)
Using the boundary condition T = T bhex in eqn(30) the
numerical value of gravitino abundance turns out to be
nG˜(xex) = 62.023d3.
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FIG. 3: In the above diagram we have plotted variation
of gravitino number density in a physical volume vs scaled
temperature in braneworlds. Here we have used the funda-
mental scale d3 = 4.596 × 10
−44α˜M3 , where α˜ is a dimen-
sionless number depends on the species of the MSSM gauge
group E. For an example n = 4 level flat direction content
QQQL,QuQd,QuLe,uude of MSSM gives α˜ ≃ 15.694 in
the absence of top Yukawa coupling. Most importantly 4D
effective Planck mass M = 2.43× 1018GeV . From the plot it
is obvious that the gravitino number density is monotonically
increasing function of the dimensionless variable T
Tbhex
except
at x ≤ 0 which implies T
Tbhex
≤
1
4√
32
.
Let us now find out the exact analytical expression for
the gravitino abundance at reheating temperature T brh
in the high energy limit. To serve this purpose substitut-
ing T = T brh in eqn(29) we get
nG˜(T
brh) = 8
√
2d3
(
32
(
T brh
T bhex
)4
− 1
) 3
4
×
(
T brh
T bhex
)2
G
(
T brh
T bhex
) (31)
where
G
(
T brh
T bhex
)
=
(
−2 2F1
[
1
2 ;
7
4 ;
3
2 ; 32
(
T brh
T bhex
)2]
+2F1
[
1
2 ;
11
4 ;
3
2 ; 32
(
T brh
T bhex
)2]
+2 F1
[
1
2 ;
3
4 ;
3
2 ; 32
(
T brh
T bhex
)2])
(32)
along with an extra constraint G
(
T brh
T bhex
>> 14√32
)
=
π
2
(
32
(
T brh
T bhex
)4
− 1
)− 12 {
1
Γ( 34 )
+ 1
Γ(− 54 )
− 2
Γ(− 14 )
}
. It is
convenient to express the abundance of any species ‘σ’
as[10] Yb =
nb
s where nb is the number density of the
species ‘b’ in a physical volume and ‘s’ is the entropy
density given by s = 2π
2
45 N
∗T 3. Here the master equa-
tion. for gravitino can be expressed as
T˙
dY br
G˜
dT
= 〈Σtotal|v|〉Y brG˜ n (33)
Using eqn(16) and eqn(22) the time-temperature rela-
tion can be found as:
T =
T br
4
√[[√
1 + α2 + 2Hreh(t− treh)
]2 − α2 ]
. (34)
Eliminating T˙ we get the solution of the master equa-
tion(33) in the radiation dominated era as
Y br
G˜
(Tf) = Y
br
G˜
(T br) + Y br−rad
G˜
(Tf ) (35)
where
Y br−rad
G˜
(Tf ) =
√
90
π2N∗
(
45
√
2
2π2N∗
√
α
)(
α˜
M
)(
ζ(3)
π2
)2
× T
br
Tf
√
1 + π
2
60λN
∗(T br)4
(
T br 2F1
[
1
4
;
1
2
;
5
4
;−2(T
br)4
αT 4f
]
− Tf 2F1
[
1
4
;
1
2
;
5
4
;− 2
α
])
(36)
But in eqn(35) the first term on the right-hand side is
not exactly computable. As mentioned earlier to find
out exact expression we have used here the high energy
mapping.
In the radiation dominated era the dynamical behavior
of temperature can be mapped as
Γ :



T =

 T br
4
√[[√
1 + α2 + 2Hreh(t− treh)
]2 − α2 ]
=⇒ T
brh[
1 + 2
√
2αHreh(t− treh)
] 1
4



 ∈ E


(37)
7Using this map we finally have
Y brh
G˜
(Tf ) =
(
α˜
M
) ( ζ(3)
π2
)2 (
45
√
3λ
2π3∆2N∗
) [(
60
√
λ
πN∗Tf
)(
1− TfT brh
)
+
(
(T bhex )
4
16∆2T brh
)(
32
(
T brh
T bhex
)4
− 1
) 3
4
G
(
T brh
T bhex
)]
.
(38)
where
Y b−rad
G˜
(Tf ) =
(
6α˜
M
) ( ζ(3)
π2
)2√
3λ
α
(
15
π2N∗
)2 ( 1
Tf
− 1
T brh
)
,
(39)
and
Y brh
G˜
≃ Y b
G˜
=
nG˜
s =
(
360
√
2d3
2π2N∗(T brh)3
)(
32
(
T brh
T bhex
)4
− 1
) 3
4
×
(
T brh
T bhex
)2
G
(
T brh
T bhex
) .
(40)
The gravitino dark matter abundance and the baryon
asymmetry is connected through Y brh
G˜
≃ ΘCPDN∗ where
D(≤ 1) is the dilution factor and the leading contri-
bution is given by the interference between the tree
level and the one-loop level decay amplitudes. Here
the CP-violating parameter is described as [28] ΘCP =
Γ(ψ→l¯LH)−Γ(ψ→lLH⋆)
Γ(ψ→l¯LH)+Γ(ψ→lLH⋆) =
3Mmν
16πv2 sin δCP , where mν is the
heaviest light neutrino mass, v = 174GeV is the VEV of
Higgs and δCP is an effective CP phase which parame-
terize each entries of the CKM matrix. Particularly δCP
acts as a probe of flavor structure in supergravity the-
ories. The complete wash out situation corresponds to
D = 1.
0 5.´10-12 1.´10-11 1.5´10-11 2.´10-11
0
5.0´1041
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FIG. 4: Here we have plotted the variation of total grav-
itino abundance vs temperature in the domain −0.70 < D4 <
−0.60, which clearly shows that gravitino abundance at zero
temperature shoots up initially to maximum and then be-
comes constant with respect to temperature during radiation
dominated era in braneworld scenario. As mentioned earlier
we have used the fundamental scale d3
M3
= 4.596 × 10−44α˜
, where α˜ is a dimensionless number which depends on the
species of the MSSM and M = 2.43 × 1018GeV .
Through out all the numerical estimation we have
taken decay width Γφ ≃ 2.9× 10−3GeV , mass of the in-
flaton mφ ≃ 1013GeV , final temperature and time at the
end of reheating Tf ≃ 106GeV and tf ≃ 1.4 × 1031GeV
respectively. For a typical value of C4 ≃ D4 = −0.7
extremum (minimum) temperature during reheating can
be estimated as T bhex ≃ 7.0 × 1010GeV . This clearly
shows deviation from standard GR phenomenology [10]
where the extremum (maximum) temperature during re-
heating Tmax ≃ 1.3 × 1012GeV . Similarly for C4 ≃
D4 = −0.7 the critical temperature for different parti-
cle species and gravitino abundance at different temper-
atures obtained from our model are: for boson TcB ≃
3.2 × 1014GeV , for fermion TcF ≃ 3.3 × 1014GeV , for
mixture of species TcM ≃ 2.8 × 1014GeV , at reheating
temperature Y b
G˜
(T brh) ≃ 8.1×10−34GeV −3d3 and at the
end of reheating Y b−rad
G˜
(Tf ) ≃ 2.1× 10−13GeV −3d3. We
have calculated all the abundances in the fundamental
unit of d3 i.e. d3 = 6.594α˜ × 1011GeV 3, where α˜ is a
dimensionless characteristic constant originated through
the thermal gravitino production rate in the context of
MSSM. Most significantly for different flat direction con-
tents the phenomenological parameter is different and
can be calculated from MSSM RGE flow at the one-
loop level for that flat direction. To obtain a conser-
vative estimate of gravitino abundance we have taken
here gaugino masses Mi → 0 for all gauge subgroups
within MSSM. For example the fourth level flat directions
QQQL,QuQd,QuLe,uude give α˜ = 15.694 for a spe-
cific choice of the UY (1), SUL(2) and SUC(3) gauge cou-
plings g1 = 0.56, g2 = 0.72 and g3 = 0.85 respectively ob-
tained from the universal mSUGRA boundary condition
and consistent with electroweak extrapolation of the so-
lution of MSSM RGE flow from the energy scale of brane
inflation ∆ = 0.2×1016GeV for our model. The linear de-
pendence on T brh makes simple to revise the constraints
on T brh based on the lower limit on the gravitino abun-
dance - the lower bound on T brh is increased by a factor
of 1.074. Since T bhex ∝ T brh, T bhex is not affected much.
Therefore models of leptogenesis that invoke a small T bhex
to create heavy Majorana neutrinos are not significantly
affected. Within 55 < N < 70 and T brh ≃ 6.5×1010GeV
the entropy density changes. As a consequence the total
gravitino abundance changes according to fig(4). It is
easily seen that P = ρ3 , S =
ρ+P
T consistency relations
are valid in this context. It is worthwhile to mention here
that in brane pressure and entropy density of the universe
falls down to a minimum due to the minimum tempera-
ture during reheating epoch. However during radiation
dominated era total entropy density is almost constant
for both the cases. This clearly shows the deviation from
standard GR phenomenology. Throughout the analysis
we have not included the effect of exp[−Γφ(t − tosc)] in
the energy density of inflaton ρφ. One might be con-
cerned that this will lead to inaccuracies close to tbrh
when most of the gravitinos are produced. However if
one writes ρφ ≃ a−4 exp(−Γφt) ≃ t−2 exp(−Γφt) for
t >> tbhex then ρ˙φ/ρφ = −2/t − Γφ. Therefore even till
8close to tbrh = Γ
−1
φ ρφ decreases primarily due to the ex-
pansion of the universe. Furthermore, near tbrh it in-
creases as T−1/2 ≃ √a ≃ t 18 in brane which is again dif-
ferent from GR phenomenology where T−1/2 ≃ √a ≃ t 14 .
The thermal leptogenesis in the braneworld can take
place if the lightest heavy neutrino mass lying in the
range T brh < M < Tc. This confirms that the upper
bound of 5D Planck mass M5 < 10
16GeV (for our model
M5 ≃ 7.8 × 1015GeV for C4 ≃ D4 = −0.7), which co-
incides with the leptogenesis bound implied by the ob-
served baryon asymmetry. It is important to mention
here that in the standard cosmology, the thermal lepto-
genesis in supergravity models is hard to be successful,
since the reheating temperature after inflation is severely
constrained to be T reh ≤ 106− 107GeV due to the grav-
itino problem. However, as pointed out in [25], the con-
straint on the reheating temperature is replaced by the
transition temperature in the brane world cosmology. As
a result the gravitino problem can be solved even if the
reheating temperature is much higher. In fact, such in-
flation models are possible but limited and our model
is also in that category. Here we are using a prefer-
able value of the heaviest light neutrino mass from atmo-
spheric neutrino oscillation data mν ≃ 0.05eV and for
sufficient baryon asymmetry the lightest neutrino mass
M≃ 1010GeV . For complete washout situation (D = 1)
in our model the effective CP phase lying within the win-
dow 2.704 × 10−9 < δCP < 2.784 × 10−9, where δCP is
measured in degree. Most significantly it indicates that
the amount of CP violation in braneworld scenario is
very small and identified with the soft CP phase. Conse-
quently it has negligibly small contribution to K and B
physics phenomenology.
IV. SUMMARY AND OUTLOOK
In the present article we have studied reheating in
brane cosmology on the background of supergravity. We
have exhibited the process of construction of a fruitful
theory of reheating for an effective 4D inflationary poten-
tial in N = 1, D = 4 supergravity in the brane derived
from N = 2, D = 5 supergravity in the bulk [1]. We
have employed this potential in reheating model building
by analyzing the reheating temperature in the context
of brane inflation, followed by analytical and numerical
estimation of different phenomenological parameters. It
is worthwhile to mention here that we get a lot of new
results in the context of braneworld phenomenology com-
pared to standard GR case. Most importantly we get a
different numerical value of reheating temperature as well
the extremum temperature compared to the standard GR
results. Next using the extremization principle we justify
that the extremum temperature is the minimum temper-
ature during reheating which again shows deviation from
standard GR inspired phenomenology. All these facts are
reflected in the numerical results of the gravitino abun-
dance in reheating and radiation dominated era. In the
context of phase transition we also get different numer-
ical results for different parameters for standard model
particle constituents.
We have further engaged ourselves in investigating for
the effect of perturbative reheating. To this end we pro-
pose a theory which reflects the effect of particle produc-
tion through collision and decay thereby showing a direct
connection with the thermalization phenomena. To show
this link more explicitly we put forward both analytical
and numerical expressions for the gravitino abundance
in a physical volume in the reheating epoch. Next we
have found out the gravitino abundance in the radiation
dominated era. Last but not the least we have expressed
the total gravitino abundance in a final temperature Tf .
Most significantly the precision level of all estimated nu-
merical results is the outcome of the 4D effective field
theory which is analyzes with the arrival of lots of so-
phisticated techniques.
Apart from the aforesaid success in estimating phe-
nomenological parameters there are some added advan-
tages of our model with reheating in brane which are
worth mentioning. One of the most significant features
in the context of braneworld phenomenology is the va-
lidity of leptogenesis for our model which consequently
shows the production of heavy Majorana neutrinos in
the brane.
In future our aim is to search for the signatures of our
model for domain wall formation [29] linked to the topo-
logical defects, ‘Q-ball’ formation [30] connected with the
non-topological solitons in braneworld, the role of Lee-
Wick particles in brane reheating and leptogenesis, pri-
mordial non-Gaussianity, baryogenesis etc. Last but not
the least the detailed study of quantum phase transition
using Monte Carlo simulation technique [31] to minimize
rapid fluctuation [32] or oscillation during measurement
is also an open issue. We expect to address some of these
issues in near future.
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